Introduction
Metals adsorbed on semiconductor surfaces are important since they provide well-ordered one or two dimensional structures useful for the study of various physical phenomena [1] . Most of such studies have been restricted to a single metallic species, while the combination of two metals has not been given similar attention. In a few studies, a tiny amount (0.1 -0.2 monolayers (ML)) of a second metal has been added to a well-defined monolayer formed by the initial metal.
In some cases, this results in new reconstructions due to periodic positions of the added metal atoms [2] [3] [4] [5] . This kind of surface is, however, not considered to be a binary surface alloy. In an effort to form binary surface alloys, we have investigated several combinations of metals on elemental semiconductor surfaces, of which the combination of Ag and Sn has been reported which forms well-ordered binary surface alloys [6] [7] [8] . In those studies, we utilized the welldefined and well-ordered Ag/Ge(111) 3 3 × and Ag/Si(111) 3 3 × surfaces as substrates which have been very well studied [9] [10] [11] [12] [13] [14] [15] [16] . Other well studied surfaces that could act as suitable substrates are formed by Pb on Si(111) or Ge(111) [17] [18] [19] [20] [21] [22] [23] [24] . In this study we used the Pb/Ge(111) 3 3 × surface formed by 1.33 ML of Pb [22] [23] [24] as a substrate. The addition of In resulted in an ordered In/Pb/Ge(111) surface alloy having a 3×3 periodicity.
We present a detailed investigation of the atomic and electronic structures of the In/Pb/Ge(111) 3×3 surface alloy. Scanning tunneling microscopy (STM) images obtained at 50 K reveal atomic sized features with a local hexagonal arrangement. Each 3×3 unit cell contains nine such features indicating a structure with 9 outermost atoms per 3×3 cell. Angle resolved photoelectron spectroscopy (ARPES) was used to obtain band dispersions along two symmetry lines of the surface Brillouin zone (SBZ). We have identified five surface bands within the projected bulk band gap. Four of them cross the Fermi level leading to a metallic character of the surface. Constant energy contours of the metallic bands, mapped in two dimensional (2D) kspace, show interesting features. In particular, two differently rotated hexagon like contours show that the two metallic bands forming these contours are degenerate along 
Similar rotated constant energy contours provided key information on the atomic structure of the Sn/Ag/Si(111)2×2 surface alloy [7] . Photoemission spectra obtained from the Pb 5d and In 4d core levels show narrow line shapes with no obvious shifted components. This indicates a well-3 defined environment for the In and Pb atoms and that the binary surface alloy has a high degree of structural order.
Experimental details
A Ge(111) sample doped with Sb was cut from a single crystal wafer with a resistivity of 7-10 Ω cm at room temperature. Initially, the substrate was cleaned ex-situ by acetone and isopropanol and in-situ by multiple Ar + ion (1 keV) sputtering and annealing cycles which resulted in an atomically clean Ge(111) surface with a c(2×8) periodicity, as verified by low energy electron diffraction (LEED). Pb was evaporated from a filament source at a rate established by a quartz crystal thickness monitor. An amount of 1.33 ML was deposited at a rate of 0.5 ML/min, where one ML is defined by the number of atoms per unit area on the unreconstructed Ge(111)1×1 surface (i.e., 7.2×10 14 atoms/cm 2 ). Subsequent post annealing of the sample at 200 °C for a few minutes resulted in a well ordered Pb/Ge(111) 3 3 × surface. The addition of In in the range of 0.6 to 1.0 ML resulted in well-defined 3×3 LEED patterns after annealing at ≈200 °C for 1 minute. The sample studied here was prepared by adding 0.85 ML of
In which is close to the middle of this range. All surfaces were prepared in a UHV chamber equipped with In and Pb evaporators, a sputter gun, a mass spectrometer and a LEED optics. The base pressure of the UHV system was <1×10 -10 Torr, while it stayed below 4×10 -10 Torr during surface preparations. The electronic structure was investigated by ARPES in a separate UHV chamber equipped with a SPECS Phoibos 100 electron analyzer and a LEED optics for azimuthal alignment. Beamline I4 at the MAX-III storage ring of the MAX-lab synchrotron radiation facility in Lund, Sweden, was used for the ARPES study. This beamline provides linearly polarized UV and soft x-ray light in the energy range of 13 to 160 eV. The ARPES data presented in the paper were obtained at photon energies of 30 and 52 eV, with a total energy resolution of 50 meV and an angular resolution of ±0.3°.
The atomic structure was investigated by STM at Linköping University. All surface preparations for the STM studies were similar to what is defined above for the ARPES study. The STM has a W-tip which was electrochemically etched ex-situ and cleaned in-situ by electron beam heating. All STM experiments were performed at ≈50 K in the constant current mode (200 pA). The atomic structure was investigated by STM at ≈50 K and the results are presented in with the results presented in Ref. [24] except that the S4 band was not mentioned in that study.
However, a band similar to S4 is also present in the data of Ref. [24] .
Centered at the Γ -point, there are four bands, labeled SR1-SR4, dispersing downward. The surface bands, A1-A4, all disperse across the Fermi level resulting in a metallic character of the surface alloy.
Constant energy contours
In Fig. 4 , we present constant energy contours obtained by ARPES for the Pb/Ge(111) 
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line the brightness is due to some vertical intensity between the S5 band and the Fermi level, which was also present in the data of Ref. [22] , see also Fig. 3(d) . In Fig. 4(b) , the contour map of In/Pb/Ge(111)3×3 in the same region shows two very distinct intersecting contours from the A3 and A4 surface bands. These bands are degenerate along 1 1 M − Γ and 1 Fig. 4(b) . A detailed constant energy contour map of the In/Pb/Ge(111)3×3 surface is given in Fig. 5 below. 
Core level spectra
A spectrum showing the In 4d and Pb 5d core levels are shown in Fig. 7(a) , while the Ge 3d spectrum is shown in Fig. 7(b) . The Pb 5d spectrum was fitted by two spin-orbit split components (the larger component being totally dominating), while the In 4d spectrum was fitted by just one spin-orbit split component. Both the Pb 5d and the In 4d core levels were fitted using a Doniach-Šunjić line profile [27] . The absence of shifted components indicates that both the In and Pb atoms have a well-defined environments, which is also supported by the high degree of structural order observed by STM for this surface alloy. The Ge 3d spectrum has a quite broad and featureless shape which could be fitted by three spin-orbit split components, but it is difficult to extract any structural information from such a broad spectrum. 
Conclusions
A well-ordered In/Pb binary surface alloy has been prepared on the Ge(111) surface. As revealed by ARPES, the surface shows an interesting electronic band structure from which we have clearly identified five surface bands within the projected bulk band gap. Constant energy data revealed the existence of two rotated hexagon-like contours formed by two bands which are degenerate along the In/Pb/Ge(111)3×3 surface is an exceptionally well-ordered binary surface alloy having metallic character. The two rotated hexagon-like constant energy contours, formed by the A3 and A4 14 bands, provide crucial information related to the detailed atomic structure of the surface alloy.
Among the large number of possible binary combinations of atomic species, it is likely that several well-ordered surface alloys will be discovered. Of these, some may exhibit exotic properties, which acts as an inspiration for this kind of studies.
